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Abstract 
A new imaging system was developed for observing water distribution in a polymer electrolyte membrane fuel cell 
(PEMFC) under operation. This imaging system realizes both low-noise and high-sensitivity imaging, enables image 
capture with a relatively short exposure time (approximately sub-seconds) and effectively visualizes the internal 
events of a PEMFC. It consists of an electron multiplying charge coupled device (EMCCD) camera, new 6LiF/ZnS 
scintillator screen, and slit system. The EMCCD camera has a wide dynamic range and high sensitivity, and the 
brightness of the new 6LiF/ZnS scintillator screen is approximately twice as high as that of conventional 6LiF/ZnS 
scintillator screen. The slit system is used to reduce the white dot noise caused by the primary and/or secondary 
prompt gamma rays. By a characteristic test, it was demonstrated that water behavior in the channel of a PEMFC can 
be clearly and qualitatively observed using the new imaging system.  
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1. Introduction 
Polymer electrolyte fuel cells (PEMFCs) are expected to be a next-generation clean energy source, 
because their only byproduct is water. A PEMFC generates electricity through chemical reactions between 
hydrogen and oxygen. However, the performance of PEMFCs can be affected by the obstruction of the 
gas supply by water produced during an operation. Therefore, it is important to understand the water 
behavior in the channels of a PEMFC in order to facilitate its development. Neutron radiography is a 
useful tool for visualizing the water distribution in a PEMFC in which the structural parts are made of 
metal [1-3]. 
The thermal neutron radiography facility (TNRF) installed in the Japan Research Reactor-3 (JRR-3) 
is the largest neutron radiography facility in Japan. It has a relatively high neutron fluence rate (1.5 × 108 
cm-2 s-1) and a large field of view (255 mm W × 305 mm H) [4]. In recent years, at the TNRF, a generation 
system was equipped for visualizing water behavior during operation of the fuel cell [5]. However, the 
ability of the currently installed imaging system to observe water behavior is limited. This system consists 
of a large divergent collimator [4], a conventional 6LiF/ZnS (Ag) scintillator screen (Kasei Optonics 
Corp.), and an electron-bombardment charged coupled device (EB-CCD) camera. The image noise caused 
by the primary and \ or secondary prompt gamma rays, called the "white dot" noise, appear on the 
obtained images. In addition, because the EB-CCD camera outputs analog data, it is difficult to perform a 
quantitative evaluation from the image of the water slugs. Therefore, to more accurately evaluate the 
water mass in the channel of a PEMFC, we developed a new imaging system with high sensitivity and 
low noise consisting of an electron-multiplying charge coupled device (EMCCD) camera, new 6Li/Zn(Ag) 
scintillator screen, and a slit system. This imaging system enables continuous capture of images within a 
second and has sufficient resolution for observing water particles in a channel that is 1 mm wide and 1 
mm deep. Furthermore, the observation area is more than 50 mm by 50 mm, which covers the area 
containing the channels in a PEMFC. In this study, we report the specifications of this imaging system 
and the detailed results of a characteristic test. 
 
2. New imaging system for PEMFCs 
 
A schematic drawing of the new imaging system is shown in Fig. 1. The slit system was installed 
upstream of the neutron beam. The EMCCD camera was well shielded by Pb and polyethylene blocks to 
reduce the noise caused by gamma rays and the neutron beam, respectively. Detailed information about 
the equipment is described below. 
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Fig. 1 Schematic drawing of the new imaging system. 
 
2.1 EMCCD camera 
 
The EMCCD camera is modeled by Hamamatsu photonics (C9100-02). Because the EMCCD camera 
has high sensitivity and wide dynamic range, it is suitable for obtaining images with short exposure times. 
The dynamic range is 14 bit, which is sufficient to perform a quantitative evaluation of the water mass. 
The signal gain can be adjusted from 6 to 2000 times according to the experimental conditions.  In 
addition, the frame rate and exposure time can be set at 30-500 fps and 100 μfps -10 fps, respectively.  
For observation of PEMFC, continuous neutron imaging of every 1 second is enough because the cell 
voltage changes in seconds order [2-3]. The internal events of PEMFC which attribute drop of cell 
voltage are found to be able to be observed in the same time order. 
 
2.2 New 6LiF/ZnS (Ag) scintillator screen 
 
A scintillator screen is an important device for determining time and spatial resolution in an imaging 
system. As mentioned above, to observe water distribution within few seconds, sufficient brightness and 
spatial resolution are required for the scintillator screen. Thus, new 6LiF/ZnS (Ag) scintillator screens 
were developed at the Japan Atomic Energy Agency (JAEA) [6], which were fabricated by mixing 
phosphor (ZnS(Ag)) and neutron capture (6LiF) materials. The scintillator layer was coated onto a 100 
mm by 100 mm Al substrate that was 1 mm thick. To determine the suitable scintillator thickness that 
would provide a sufficient brightness and spatial resolution, 6LiF/ZnS (Ag) scintillator screens were 
prepared with scintillator layers that were 150, 200, and 300 μm thick (labeled screen “A,” “B,” and “C,” 
respectively). Imaging tests were conducted to evaluate the spatial resolution [7]. The line-pair patterns 
on the device are shown in Fig. 2.  
The results of the imaging tests are shown in Figs. 3 and 4. Fig. 3 shows the brightness of each 
prepared 6LiF/ZnS (Ag) scintillator screen and a conventional 6LiF/ZnS scintillator screen. As shown in 
Fig. 3, the brightness of all new  6LiF/ZnS(Ag) scintillator screens was higher than that of the 
conventional 6LiF/ZnS(Ag) scintillator screen. Moreover, among the new 6LiF/ZnS(Ag) scintillator 
screens, the brightness was the highest for screen “B” and lowest for screen “A.” In general, the 
brightness of a scintillator screen increases with increasing scintillator thickness. However, there was only 
a slight difference between “B” and “C,” most likely because the scintillator was saturated at a thickness 
of approximately 200 μm. As shown in Fig. 4, for the line-pairs greater than 200 μm, the split of the line-
pairs can be seen for screens “A” and “B,” but that for screen “C” and conventional one is difficult to 
distinguish. Although the 200-μm line pair of “A” is clearer than that of “B,” both have sufficient spatial 
resolution for observing the water particles in a 1mm by1 mm channel. Thus, for the new imaging system, 
we determined the 6LiF/ZnS(Ag) screen “B” that has high brightness and adequate spatial resolution. 
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Fig. 2 Schematic diagrams and sizes of the line-pair patterns 
on the device. (a) Overall view of the test device; (b) patterns 
and sizes of the line pairs on the test device in the bright-field 
area with widths of 0.2, 0.3, 0.5, 1.0, and 2.0 mm. 
Fig. 3 Comparison of the brightness with new  
6LiF/Zn (Ag) scintillator screens and a 
conventional 6LiF/Zn (Ag) scintillator screen. 
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Fig. 4 Neutron images of the Gd line-pair device; the yellow circles indicate the 200-μm line pairs. 
 
2.3 Slit system 
 
A large divergent collimator creates a large field of view (305 mm vertically and 255 mm 
horizontally) on the scintillator screen. As described above, because a high neutron flux and wide beam 
area are used in the TNRF, the scintillator screen and equipment are directly irradiated with a number of 
neutrons. As a result, many prompt gamma rays are generated with nuclear reactions in the TNRF, and 
white dots appear on the obtained image data. To reduce these white dots, the beam area was formed 
using a slit system that irradiates only the target objects [8]. The slit system collimates the neutron beam 
using horizontal and vertical slits with a high cross section, which are made of ceramics containing a 
large amount of boron. Beam tests of the slit system were conducted using the EMCCD camera and the 
85 mm lens at the TNRF. To cover a 50 mm by 50 mm field of view, the aperture size was set at 40 × 45 
mm2. Since the slit size is relatively large, the practical L/D is dominated by the conventional optical 
system and probably kept at around 154 [8]. 
Figs. 5 (a) and (b) show the beam images obtained by a large divergent collimator and the slit system, 
respectively. As shown in Fig. 5 (b), the beam profile collimated by the slit system possesses a 
trapezoidal shape. Its intensity around the central plateau region is considerably high and is only 20 % 
less than that observed for the conventional. Furthermore, in the practical beam area (50 mm × 50 mm), 
sufficient signal counts of more than 3000 s-1 can be obtained for performing tests. 
The effect of the slit system on noise reduction was also evaluated from the images obtained by 
flipping the scintillator screen so that the camera viewed the substrate and not the scintillator. In this case, 
the visible light from the scintillator was not incident on the camera, and only the white dot noise could 
be observed in the image. The number of white dots due to gammas and fast neutrons in images taken 
with the conventional collimator and the slit system are shown in Figs. 6 (a) and (b), respectively. From 
these results, it can be seen that the amount of white dot noise was drastically reduced to nearly one-tenth 
by using the slit system. 
^ŵĂůůƉĞƌƚƵƌĞ^ůŝƚƐǇƐƚĞŵŽŶǀĞŶƚŝŽŶĂůĐŽůůŝŵĂƚŽƌ
ϴϬ
ŵ
ŵ
D E
Distance from image center,mm
Observable area
Si
gn
al
 C
o
u
n
t R
a
te
,
 
co
u
n
t/s
e
c
F
>ĂƌŐĞĚŝǀĞƌŐĞŶƚĐŽůůŝŵĂƚŽƌ ůŝƚƐǇƐƚĞŵ
 
ϭϱϬμŵƚŚŝĐŬ ϮϬϬμŵƚŚŝĐŬ ϯϬϬμŵƚŚŝĐŬ ŽŶǀĞŶƚŝŽŶĂů>ŝ&ͬŶ^ ;ŐͿ
ƐĐŝŶƚŝůůĂƚŽƌƐĐƌĞĞŶEĞǁ>ŝ&ͬŶ^ ;ŐͿƐĐŝŶƚŝůůĂƚŽƌƐĐƌĞĞŶϲ
ϲ
286   T. Nojima et al. /  Physics Procedia  43 ( 2013 )  282 – 287 
 
Fig. 5 Collimated beam shapes and each beam; beam shapes collimated by (a) a conventional collimator and (b) a 
small aperture slit system; (c) line profiles indicated by white line areas in (a) and (b). 
 
Fig. 6 The number of white dots in images taken with a large divergent collimator and the slit system. 
 
3. Characteristic Test and its Results 
 
A characteristic test using a JARI-standard PEMFC was performed to investigate the applicability of 
the new imaging system [9].  However, for optimizing the PEFC for neutron radiography, holding and 
separator plates were made of aluminum [9]. It was confirmed that it did not affect the PEFC 
performances. The PEMFC was operated at 85 °C under atmospheric pressure. Hydrogen and air were 
supplied to the anode and cathode sides with flow rates of 100 and 200 sccm/min, respectively. The 
visualization test was performed by the new imaging system in the TNRF. An image was continuously 
obtained every 1 s during operation of the fuel cell, which performed stably under steady state conditions. 
Fig. 7 shows the time series of the neutron images during an operation for about 1 hour. In these images, 
the contrast density corresponds to the thickness of the water slugs [2].  
As can be seen in Fig. 7, good contrast images could be obtained using the new imaging system. The 
open circle marked in Fig. 7 shows the water slugs that moved along the channel in a period of 1s. In this 
characteristic test, the water behavior could be continuously seen every 1s, and the water mass in the 
channel was quantitatively evaluated. Thus, it was demonstrated that the new imaging system is effective 
for the in-situ visualization of water distribution in a PEMFC. 
 
Fig. 7 Neutron images of a PEMFC obtained during an operation. 
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4. Conclusion 
 
A new imaging system was developed for observing water distribution in operating PEMFCs. The new 
imaging system consists of an EMCCD camera, new 6LiF/ZnS(Ag) scintillator screen, and a slit system. A 
short exposure time (approximately sub-seconds) can be achieved by its high sensitivity and the use of the 
high brightness scintillator screen. The observation of the split of a 200-μm Gd line-pair confirmed that the 
imaging system has sufficient time resolution to visualize water particles in a channel in a PEMFC. In 
addition, using this system, the generation of the white dots caused by prompt gamma rays was 
significantly reduced compared with a conventional imaging system. Furthermore, in a characteristic test, 
good contrast images of water particles were obtained and the water behavior could be viewed every 1 s. 
Thus, it was demonstrated that the new imaging system is effective for the in-situ visualization of water 
distribution in PEMFCs.  
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